Citation: Clinical and Translational Gastroenterology (2014) 5, e51; doi:10.1038/ctg.2013.21 

© 2014 the American College of Gastroenterology All rights reserved 2155-384X/14 



www.nature.com/ctg 

Sphingosine Kinase 1 Promotes Malignant 
Progression in Colon Cancer and Independently 
Predicts Survival of Patients With Colon Cancer by 
Competing Risk Approach in South Asian Population 
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Benedict Yan, MBBS, FRCPath 5 ' 6 , Chee W. Ong, MSc 7 , Arpita Datta, PhD 1 , Manuel Salto-Tellez, MD, FRCPath 5 ' 7 , 
Yulin Lam, BSc(Hons), PhD 4 and Celestial T. Yap, MBBS, PhD 1 

OBJECTIVES: Sphingosine kinase 1 (SphK1) phosphorylates the membrane sphingolipid, sphingosine, to sphingosine-1- 
phosphate (S1P), an oncogenic mediator, which drives tumor cell growth and survival. Although SphK1 has gained increasing 
prominence as an oncogenic determinant in several cancers, its potential as a therapeutic target in colon cancer remains 
uncertain. We investigated the clinical relevance of SphK1 expression in colon cancer as well as its inhibitory effects in vitro. 
METHODS: SphK1 expression in human colon tumor tissues was determined by immunohistochemistry and its 
clinicopathological significance was ascertained in 303 colon cancer cases. The effects of SphK1 inhibition on colon cancer 
cell viability and the phosphoinositide 3-kinase (PI3K)/Akt cell survival pathway were investigated using a SphK1 -selective 
inhibitor— compound 5c (5c). The cytotoxicity of a novel combination using SphK1 inhibition with the chemotherapeutic drug, 
5-fluorouracil (5-FU), was also determined. 

RESULTS: High SphK1 expression correlated with advanced tumor stages (AJCC classification). Using a competing risk 
analysis model to take into account disease recurrence, we found that SphK1 is a significant independent predictor for mortality 
in colon cancer patients. In vitro, the inhibition of SphK1 induced cell death in colon cancer cell lines and attenuated the serum- 
dependent PI3K/Akt signaling. Inhibition of SphK1 also enhanced the sensitivity of colon cancer cells to 5-FU. 
CONCLUSION: Our findings highlight the impact of SphK1 in colon cancer progression and patient survival, and provide 
evidence supportive of further development in combination strategies that incorporate SphK1 inhibition with current 
chemotherapeutic agents to improve colon cancer outcomes. 
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INTRODUCTION 

Colon cancer is the third most common cancer in the world 
and the fourth most common cause of cancer-related 
mortality. 1 Current cytotoxic drugs that are used to treat colon 
cancer include 5-fluorouracil (5-FU), oxaliplatin, leucovorin, 
and irinotecan. Although 5-FU has been used as a first-line 
treatment for advanced colon cancer and improves the 
survival of patients, up to 85-90% of patients respond poorly. 2 
More recently, monoclonal antibodies against growth factors 
have been developed and tested in clinical trials for advanced 
colon cancer. 3 These include bevacizumab, an antibody 
against the vascular endothelial growth factor, as well as 
cetuximab and panitumumab, antibodies against the epider- 
mal growth factor. 3 These antibodies are more effective when 
used in combination with 5-FU, compared to use as single 



agents. 3 However, a significant percentage of patients may 
not benefit from treatment with these drugs. For example, 
cetuximab is ineffective in cancers with KRAS mutations, 
which are found in approximately 38% of colon cancers. 3 
Drugs that target novel oncogenic pathways associated with 
advanced colon cancer are therefore promising strategies for 
improving patient outcome. 

Sphingolipids are major components of the membrane 
bilayer and have critical roles in regulating cancer develop- 
ment. The major bioactive sphingolipids, ceramide and 
sphingosine-1 -phosphate (S1 P), regulate very distinct cellular 
functions. Increased levels of ceramide have been shown to 
promote apoptosis, 4 whereas increased levels of S1P 
promote cell proliferation and survival. 5 The "sphingolipid 
rheostat", determined by the relative levels of ceramide to 
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S1 P, is proposed as a cell fate determinant in cancer and is 
regulated by sphingosine kinases (SphKs), which catalyze the 
phosphorylation of sphingosine to S1P. Although there are 
two known mammalian SphK isoforms, SphKl and SphK2, 
SphKl appears to be the predominant oncogenic isoform in 
human cancers. 7 SphKl is upregulated in various forms of 
cancer including colon cancer, 8 ' 9 and is involved in oncogen- 
esis and tumor progression. Importantly, SphKl expression 
correlates with poor prognosis in breast 10 and gastric 11 
cancer patients, although its prognostic value in colon cancer 
has not been previously reported. 

There is increasing evidence that ceramide and S1P are 
important opposing factors in colon cancer development. 
Several studies have implicated ceramide in pro-apoptotic 
roles, 12 ' 13 while S1P has emerged as a major oncogenic 
factor in colon cancer. In normal intestinal epithelial cells, S1 P 
is maintained at low levels 14 and is protective against 
apoptosis. 15 However, in neoplastic tissues, S1P accumu- 
lates and contributes to polyp enlargement and tumor 
progression. 14 This suggests that neoplastic transformation 
in the colonic epithelium arises from loss of regulation of S1 P 
levels. Consistent with this, S1P lyase, which catalyzes S1P 
catabolism, is downregulated in colon cancer. 16 A previous 
study of 61 mixed human colonic tumors showed that SphKl 
expression was higher in tumors compared with normal 
mucosa, as well as malignant adenocarcinomas compared 
with adenomas, suggesting that SphKl is an important 
tumorigenic determinant in colon cancer. 9 SphKl is the 
predominant isoform that generates S1P in the colon, and it 
contributes to colon adenoma progression by enhancing 
colon cancer cell proliferation, 17 as well as promoting the 
expression and activity of pro-inflammatory proteins involved 
in colon carcinogenesis, including cyclooxgenase-2 and 
prostaglandin E2. 8,9 

In this study, we seek to evaluate the prognostic signifi- 
cance of SphKl in colon cancer. We carried out immunohis- 
tochemical staining of SphKl in 303 colon adenocarcinoma 
cases and performed competing risk analysis to estimate the 
impact of SphKl expression on patient mortality and disease 
recurrence. Using a SphKl -specific inhibitor, we also inves- 
tigated the cytotoxicity of SphKl inhibition in colon cancer 
cells in vitro. 

METHODS 

All reagents and chemicals unless stated otherwise were 
bought from Sigma-Aldrich (St Louis, MO, USA). 

Immunohistochemistry. Colon tumors used were obtained 
with patient consent and approved by the institutional review 
board at the National University Health System in Singapore. 
Immunohistochemical staining of SphKl expression was 
performed on tissue microarrays containing 303 colon 
adenocarcinomas. Tissue microarrays were constructed 
according to previously published methods. 18 Tissue micro- 
array slides were deparaffinized with xylene, and rehydrated 
in a graded alcohol series. Slides were then heated with 
the antigen unmasking solution (Vector Laboratories, Peter- 
borough, UK) for 10min, and stained with the DakoCytoma- 
tion EnVision+ System-HRP (AEC) kit (Dakocytomation, 



Singapore, Singapore). After blocking endogenous perox- 
idase with hydrogen peroxide, slides were incubated with the 
primary rabbit anti-SPHK1 antibody (Abeam, Cambridge, 
UK) and secondary anti-rabbit antibody. Tissue sections 
were counterstained with hematoxylin. A four-tier scoring 
system was used, whereby the intensity of SphKl expression 
was classified on an increasing scale of 0-3, with "0" being 
undetectable and "3" being the most intensely stained. 
Figure 1a shows representative images of each staining 
intensity, and Table 1 shows the distribution of SphKl 
staining expression in the patient cohort. 

Statistical analysis for clinicopathological significance. 

The mortality and recurrence status of patients were 
captured using in-house hospital database as well as the 
registry of birth and death. The median duration of follow-up 
was 6.8 years (95% confidence interval (CI): 4.46-8.92). 
Survival analysis was used to assess mortality and disease- 
free survival (recurrence) among patients with and without 
SphKl expression using Kaplan-Meier survival curves and a 
Cox regression model. Standard Cox proportional hazards 
models, which assumes that the hazard ratio is constant over 
time, were applied initially. The proportionality assumption of 
the Cox regression model was assessed graphically and with 
the use of Schoenfeld residuals 19 using "estat phtest" 
STATA command after fitting a model with stcox. All analysis 
were carried out using the scoring system of SphKl expres- 
sion (0 vs. 1-2-3 + ). Finally, the competing risk regression 
method was used to estimate the impact of SphKl 
expression (main covariate of interest) on the probability of 
mortality due to colon cancer, in which disease recurrence 
was treated as a competing event. The results (effect sizes) 
were expressed as sub-hazard ratios(SHR). The estimated 
SHRs were also taken into account for the presence of other 
competing risk events such as death due to colon cancer. We 
also adjusted for various demographic, clinical and patholo- 
gical factors, including tumor staging. The crude cumulative 
probability of mortality while accounting for the dependence 
of the cumulative probability function on the hazards of other 
competing event (i.e., disease recurrence) was calculated. 
Similarly, the crude cumulative probability of recurrences 
while accounting for the dependence of the cumulative 
probability function on the hazards of other competing event 
(i.e., mortality) was calculated. We then compared the 
resulting curves between two groups (absence vs. presence 
of SphKl expression). The percentage of local disease 
recurrence was 4% (12 patients; out of which 0 patients had 
negative SphKl expression), and distant disease recurrence 
was 23.72% (73 patients; out of which 8 patients had 
negative SphKl expression). All statistical analyses were 
performed using Stata statistical software (version 11.1; 
StataCorp LP, College Station, TX). 

Cell lines and cell viability measurements. Human colon 
tumor cell lines HCT116, SW480, SW620, and RKO were 
purchased from American Type Culture Collection (ATCC, 
Manassas, VI, USA). HCT116 cells were cultured in McCoy 
5A Modified Medium containing 10% fetal bovine serum 
(FBS; Gibco, Life Technologies, Singapore, Singapore). 
SW480, SW620, and RKO cells were cultured in the 
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Figure 1 The expression of sphingosine kinase 1 (SphKl) in human colon adenocarcinomas correlates with advanced disease and poor survival, (a) 
Immunohistochemistry staining of SphKl was carried out in 303 tumor tissues. SphKl expression was tabulated using the four-tier scoring system (0, 1 + , 2 + , 3 + ). SphKl 
expression was classified as absent/undetectable (0) or present (1 + , 2 + , 3 + ). (b) Competing risk regression model taking into account disease recurrence. The probability 
of mortality within 5 years was 37% in patients with detectable SphKl expression, and the probability of mortality within 5 years was 7% in patients with undetectable SphKl 
expression. Both probabilities take into account the probability that recurrence status could occur instead, (c) Competing risk regression model taking into account death due to 
colon cancer. The probability of having a recurrence within 5 years was 23% in patients with detectable SphKl expression, and the probability of mortality within 5 years was 
28% in patients with undetectable SphKl expression. Both probabilities take into account the probability that the death could occur instead, (d, e) Kaplan-Meier cumulative 
incidence estimates of mortality and recurrence, respectively. 



Table 1 Distribution of SphKl expression in the patient cohort 


SphKl 




Percentage 


Cumulative 


expression 


Frequency 


(%) 


percentage (%) 


0 


23 


7.6 


7.6 


1 + 


86 


28.4 


36.0 


2 + 


147 


48.5 


84.5 


3 + 


47 


15.5 


100 


Total 


303 


100 





SphKl, sphingosine kinase 1. 



Dulbecco's Modified Eagle Medium containing 10% FBS. For 
cell viability measurements, cells (2 x 10 4 per well) in 96-well 
plates were synchronized with 1% FBS for 18h. Subse- 
quently, respective drugs were added and cells were 
incubated for another 48 h in 10% FBS. Dimethylsulfoxide 
was added into the cultures as a vehicle control. Cell viability 
was determined with the 3-(4,5-dimethylthiazol-2-yl)-2, 
5-diphenyl-tetrazolium bromide (MTT) dye reduction assay 



as previously described. Results are expressed as a 
percentage of live cells relative to the untreated controls at 
the indicated time. 

For serum stimulation, cells (1 x 10 6 per well) in six-well 
plates were synchronized with 1% FBS for 18h. Subse- 
quently, cells were pre-treated with inhibitors for 1 h before 
stimulation with serum (10% FBS). Samples were lysed in 
RIPA buffer (50 mM Tris-HCI, pH 7.4; 1% NP-40; 0.25% Na- 
deoxycholate; 150itim NaCI; 1 mM EDTA) together with 
protease and phosphatase inhibitors (Roche, Singapore, 
Singapore). Protein concentration was measured using the 
Bradford reagent (Bio-Rad, Berkeley, CA, USA). Lysates 
were used for immunoblotting and measurement of SphK 
activity. 

Immunoblotting. In all, 20|ig protein aliquots were electro- 
phoresed in 12% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and transblotted to polyvinylidene difluoride 
membranes (Millipore, Billerica, MA, USA). Blots were 
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incubated overnight with primary antibodies directed against 
SphKl, phosphorylated-Akt Ser473 ' Thr308 , AKT (Cell Signaling 
Technology, Beverly, MA, USA), glyceraldehyde 3-phos- 
phate dehydrogenase (Santa Cruz Biotechnology) followed 
by appropriate horseradish peroxidase (HRP)-conjugated 
secondary antibodies — anti-rabbit IgG HRP (Thermo Scien- 
tific, Waltham, MA, USA); anti-mouse IgG HRP (Santa Cruz 
Biotechnology, Dallas, TX, USA). Immunocomplexes were 
visualized by enhanced chemiluminescence detection on 
X-ray film (Thermo Scientific). 

Measurement of SphK activity (fluorometric method). 

The protocol has been previously established. 21 In all, 80 ng 
of protein was incubated with 20|im of 15-NBD-Sph 
(prepared as a complex with bovine serum albumin) and 
1 itim ATP in SphK buffer (50 mM 4-(2-hydroxyethyl)piper- 
azine-1-ethanesulfonic acid, pH 7.4, containing 15 itim MgCI 2 , 
0.005% Triton X-1 00, 1 0 mM KCI). After incubation for 30 min 
at 37 °C, 100 |il 1 m potassium phosphate buffer (pH 8.5) was 
added followed by 500 nl CHCI3/MeOH 2:1. After brief 
mixing, phases were separated by centrifugation (5 min, 
3,000 g). An aliquot (75|il) of the upper aqueous layer was 
removed and placed into each well of a 96-well polystyrene 
microplate (Greiner Bio-One, Monroe, NC, USA), followed by 
75 |il of dimethylformamide (Merck, Singapore, Singapore). 
Fluorescence intensity was measured at 485 nm excitation 
and 535 nm emission. 

Cell cycle analysis. Cells (2 x 10 5 per well) were synchro- 
nized with 1% FBS for 18h. Subsequently, cells were 
incubated with 10-100|im 5c for 24 h in the presence of 
10% FBS. All samples were harvested and fixed with 70% 
ethanol, followed by suspension in propidium iodide (Invitro- 
gen, Life Technologies)/RNase staining buffer solution. 
Cell cycle analysis was performed using cell flow cytometer 
(BD FACSCalibur, Becton Dickinson, Franklin Lakes, NJ, 
USA) and Cell Quest Pro Software (Becton Dickinson). 

Gene knockdown by small interfering RNA (siRNA). 

SphKl siRNA that targets 5'-CTGCCTATGTAAGGCCTT 
CTA-3' was synthesized from Qiagen (Singapore, Singa- 
pore). The siRNA transfection was conducted in a 6-well 
format (for immunoblotting) or 96-well format (for MTT cell 
viability assay), using Lipofectamine RNAiMAX (Invitrogen) 
following the manufacturer's instructions. In all, 20 nM of siRNA 
is used for each transfection. At 24 h after transfection, the 
transfection media (Opti-MEM) was replaced with complete 
media to allow cells to recover. At 72 h post-transfection, 
cells in the 6-well plate were harvested for western blot 
analysis and cells in the 96-well plate were treated with 5-FU 
for another 48 h before carrying out MTT assay to measure 
cell viability. In all experiments, the AllStars Negative Control 
siRNA (Qiagen) was used as a negative control sequence. 
This negative control siRNA has no homology to any known 
mammalian gene. 

Statistical analysis for in vitro studies. The results were 
expressed as means ±s.e. The difference between the 
means of two independent samples was evaluated using 
the unpaired Student's Mest. All the above descriptive 



analysis was based on two-sided test, and the level of 
significance was set at P<0.05 for each time point. 

RESULTS 

SphKl expression correlates with late tumor stages and 
it is an independent predictor of mortality in colon 
cancer patients while taking into account disease 
recurrence. To ascertain the contribution of SphKl to the 
malignant behavior of colon adenocarcinomas, we examined 
its expression in 303 cases by immunohistochemistry. The 
median survival time for the patient cohort is 3.1 1 years and 
the median disease-free survival time is 1 .43 years (Table 2). 
The patients' demographics, chemo responses, TNM sta- 
ging, histology grades, disease progression, vascular/lym- 
phatic invasion, mortality, and recurrence status were similar 
in the absence and presence of SphKl expression (Table 2). 
However, the presence of SphKl expression correlated with 
late AJCC tumor stages (P= 0.042). In addition, the number 
of deaths is reported to be 206 of total 303 cases (67.99%). 
Out of these 206 cases, 193 of them (93.7%) had positive 
SphKl expression (1-2-3+ scores). 

Conventional analysis such as Cox regression (Tables 3 
and 5) and Kaplan-Meier survival analysis (Figure 1d and e) 
were carried out alongside the competing risk regression 
approach (Tables 4 and 6, Figure 1b and c) to investigate the 
impact of SphKl expression on mortality and recurrence in the 
patient cohort. The adjusted hazard ratios obtained in the Cox 
regression were comparable to the SHRs obtained in the 
competing risk regression and both analysis showed similar 
trends (Tables 3-6). In both approaches, there was a positive 
correlation between SphKl expression and mortality, but not 
recurrence. However, the adjusted hazard ratio estimates for 
AJCC stages 3 and 4 (reference group AJCC stages 1 and 2) 
for mortality was 2.0 (95% CI: 1.29-3.11, P= 0.002) using 
Cox regression, in which competing event recurrence was not 
taken into account. On the other hand, the SHR estimates for 
AJCC stages 3 and 4 (reference group AJCC stages 1 and 2) 
for mortality in the competing risk regression was 1 .29 (95% 
CI: 0.71-2.32, P= 0.402) after taking into account the 
competing event of disease recurrence. The Kaplan-Meier 
survival analysis also showed an increased cumulative 
incidence of mortality in patients with positive SphKl 
expression compared with patients with negative SphKl 
expression (P= 0. 1 31 4 by log-rank test; Figure 1 d). However, 
this did not reach statistical significance. 

On the basis of the competing risk regression model, SphKl 
is a significant independent predictor of mortality after 
adjusting for other significant risk factors in the model while 
taking into account disease recurrence as the other compet- 
ing risk event (Table 4, Figure 1b). As for the prediction of 
prognosis for disease recurrence using competing risk 
regression approach, AJCC late stages (stages 3 and 4) 
was the only significant prognosis factor for disease recur- 
rence in the presence of the competing risk event — death due 
to colon cancer (Table 6). Adjusted SHR for AJCC (late 
stages) was 2.1 (95% CI: 1.13-3.93; P=0.019). In this 
competing risk regression model, SphKl failed to predict the 
disease recurrence in patients with colon cancer (Table 6, 
Figure 1c). We also adjusted for ethnicity, pre-operative 
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Table 2 Characteristics of demographic, clinical status, pathological features, 
response of treatment options, and clinical outcomes by the expression of 
SphKl 



Absence of Presence of 

SphKl SphKl P 

{N=23) (A/=280) Total value 



DSF, disease-free survival; SphKl, sphingosine kinase 1. 
Median survival time = 3.11 (years) (2.23-3.69). 
Median DSF time = 1.43 (years) (0.01-19.29). 
a Age (mean = 65.23 ± 13.10). 



Table 3 Adjusted HR estimates for SphKl expression and colon cancer- 
specific mortality using multivariate Cox regression analysis 



Multivariate analysis 



Variables 


Adjusted SHR 


95% CI 


P value 


SphKl expression 
Absence (Ref) 
Presence 


1.0 
2.50 


1.10-5.67 


0.029 


Age 

<65 years (Ref) 
> 65 years 


1.0 
2.51 


1.72-3.67 


<0001 


Ethnicity 
Chinese (Ref) 
Malays 
Indians 
Others 

Pre-op CEA levels 


1.0 

4.13 

1.77 

0.41 

1.00 


2.60-6.56 
0.66-4.76 
0.11-1.48 
1.00-1.00 


<0.001 
0.261 
0.172 

<0.001 


AJCC stage 
Stages 1 and 2 (Ref) 
Stages 3 and 4 


1.0 
2.00 


1.29-3.11 


0.002 


Vascular invasion 
Absence (Ref) 
Presence 


1.0 
2.98 


1.92-4.61 


<0.001 



CEA, carcinoembryonic antigen; CI, confidence interval; HR, hazard ratio; 
SHR, sub-hazard ratio; SphKl, sphingosine kinase 1. 



carcinoembryonic antigen levels, AJCC stages and the 
presence of vascular invasion in this model. The AJCC stage 
was forcefully added in the model because of the strong 
biological relationship with cancer mortality. 

SphKl inhibition by 5c reduces the viability of colon 
cancer cells. The expression and activity of SphKl were 
investigated in a panel of colon cancer cell lines, which 
included HCT116, RKO, SW480, and SW620 (Figure 2a). 
SphKl expression was detected in all cell lines, with highest 
expression in RKO, consistent with previous reports. 22 In all, 
10% FBS stimulated the SphK activity in these cell lines, with 
peak activities ranging from 50 to 100% above the basal non- 
serum stimulated levels at 5-10min after treatment 
(Figure 2b). However, the serum-induced peaks in SphK 
activity were significantly attenuated with the addition of the 
SphKl -specific inhibitor 5c, indicating that SphKl is a major 
determinant of serum-induced SphK activity in these cells 
(Figure 2b). The SphKl inhibitor, compound 5c (5c), was 
previously developed by our group and validated for 
specificity to SphKl. 20 The contribution of SphKl to colon 
cancer cell survival was investigated by ascertaining cell 
viability after treatment of cell lines with 10-100|im 5c for 
48 h, using the MTT assay. We found that 10-100|im 5c 
induced a dose-dependent reduction in cell viability, and 
100|im 5c compromised cell viability by up to 70% 
(Figure 2c), demonstrating a crucial requirement for SphKl 
activity in maintaining colon cancer cell survival. 

SphKl inhibition by 5c induces colon cancer cell death 
and inhibits signaling through the Akt pathway. Propi- 
dium iodide staining of fixed cells was performed on HCT1 1 6, 
RKO, SW480, and SW620 cell lines treated with 10-100|im 
5c for 24 h. We observed significant increases in the sub-G1 



Age group* 
Age < 65 years 
Age > 65 years 

Gender 
Male (n, %) 
Female {n, %) 

Ethnic group 
Chinese (n, %) 
Malays {n, %) 
Indians {n, %) 
Others (n, %) 

AJCC stage 
Stage 1 (n, %) 
Stage 2 (n, %) 
Stage 3 (n, %) 
Stage 4 (n, %) 

Chemo response 



20 
2 
1 
0 



Complete (n, %) 


6 


(50) 


31 (27.68) 


37 (29.84) 


Partial (n, %) 


1 


(8.33) 


8(7.14) 


9 (7.26) 


Stable disease (n, %) 


3 


(25) 


29 (25.89) 


32 (25.81) 


Disease progression 


2 


(16.67) 


44 (39.29) 


46 (37.1) 


(n, %) 











T stage 
Early (1 and 2) 
Late (3 and 4) 

N status 
0 
1 
2 

Nodal involvement 
0 
1 

M status 
0 
1 

Histology grade 
Well differentiated 



1 

22 



20 
3 



1 

Moderately differentiated 21 

Poorly differentiated 1 

Disease progression 

Non-complete response 2 

Complete response 10 

Vascular invasion 

No 19 

Yes 4 

Lymphatic invasion 

No 22 

Yes 1 

Gene by outcome status 

Alive 10 

Death 13 

Disease recurrence 

No recurrence 14 

Recurrence 0 

Distant recurrence 8 



60.87) 
39.13) 



39.13) 
60.87) 



8.7) 

4.35) 

0) 



0 

43.48) 
43.48) 
13.04) 



144 (51.43) 
136 (48.57) 



127 (45.36) 
153 (54.64) 



158 (52.15) 0.384 
145 (47.85) 



136 (44.88) 0.564 
167 (55.12) 



250 (89.29) 270 (89.11) 0.817 

18 (6.43) 20 (6.6) 

8 (2.86) 9 (2.97) 

4 (1.43) 4 (1.32) 



21 (7.5) 
95 (33.93) 
78 (27.86) 
86 (30.71) 



21 (6.93) 0.042 
105 (34.65) 

88 (29.04) 

89 (29.37) 



4.35) 
95.65) 



47.83) 
39.13) 
13.04) 



47.83) 
52.17) 



86.96) 
13.04) 



4.35) 
91.3) 
4.35) 



16.67) 
83.33) 



82.61) 
17.39) 



95.65) 
4.35) 



43.48) 
56.52) 



63.64) 
0) 

36.36) 



27 (9.64) 
253 (90.36) 



137 (48.93) 
79 (28.21) 
64 (22.86) 



137 (48.93) 
143 (51.07) 



194 (69.29) 
86 (30.71) 



10(3.57) 
238 (85) 
32 (11.43) 



44 (39.29) 
68 (60.71) 



250 (89.29) 
30 (10.71) 



251 (89.64) 
29 (10.36) 



87 (31.07) 
193 (68.93) 



197 (71.9) 
12(4.38) 
65 (23.72) 



28 (9.24) 0.707 
275 (90.76) 



148 (48.84) 0.415 
88 (29.04) 
67 (22.11) 



148 (48.84) 0.919 
155 (51.16) 



214 (70.63) 0.095 
89 (29.37) 



11 (3.63) 0.591 
259 (85.48) 
33 (10.89) 



46 (37.1) 0.207 
78 (62.9) 



269 (88.78) 0.307 
34 (11.22) 



273 (90.1) 0.713 
30 (9.9) 



97 (32.01) 0.22 
206 (67.99) 



211 (71.28) 0.418 
12 (4.05) 
73 (24.66) 
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Table 4 Adjusted SHR estimates for SphKl expression and colon cancer-specific mortality using univariate and multivariate competing risk regression analysis 

Univariate analysis Multivariate analysis 3 

Variables Unadjusted SHR 95% CI P value Adjusted SHR 95% CI P value 



SphKl expression 
Absence (Ref) 
Presence 


1.0 
3.41 


1 .05-1 1 .03 


0.041 


1.0 
7.99 


1.53-41.80 


0.014 


Age 

<65 years (Ref) 
> 65 years 


1.0 
2.85 


2.18-3.72 


<0.001 


3.09 


1 .66-5.74 


<0.001 


Ethnicity 
Chinese (Ref) 
Malays 
Indians 
Others 

Pre-op CEA levels 


1.0 

1.15 

1.82 

0.44 

1.001 


0.71-1.86 
0.95-3.47 
0.15-1.32 
1.001-1.002 


0.563 
0.070 
0.143 
<0.001 


1.0 

5.19 

0.85 

1.53 

1.02 


2.01-13.35 
0.08-8.89 
0.46-5.11 
1.001-1.004 


0.001 
0.892 
0.488 
<0.001 


AJCC stage 
Stages 1 and 2 (Ref) 
Stages 3 and 4 


1.0 
1.08 


0.84-1 .37 


0.559 


1.0 
1.29 


0.71-2.32 


0.402 


Vascular invasion 
Absence (Ref) 
Presence 


1.0 
1.43 


0.98-2.09 


0.062 


1.0 
2.23 


1 .08-4.60 


0.029 



CEA, carcinoembryonic antigen; CI, confidence interval; SHR, sub-hazard ratio; SphKl, sphingosine kinase 1. 

a The SHR estimates for SphKl expression was adjusted for age, ethnicity, pre-op CEA levels, AJCC staging, and presence of vascular invasion in the multivariate 
analysis. 



Table 5 Adjusted HR estimates for SphKl expression and recurrence of colon 
cancer-specific using multivariate Cox regression analysis 

Multivariate analysis 



Table 6 Adjusted SHR estimates for SphKl expression and recurrence of 
colon cancer using multivariate competing risk regression analysis 

Multivariate analysis 3 



Variables 


Adjusted SHR 


95% CI 


P value 


Variables 


Adjusted SHR 


95% CI 


P value 


SphKl expression 
Absence (Ref) 
Presence 


1.0 
1.35 


0.48-3.77 


0.564 


SphKl expression 
Absence (Ref) 
Presence 


1.0 
0.84 


0.31-2.24 


0.726 


Age 

<65 years (Ref) 
> 65 years 


1.0 
1.33 


0.73-2.42 


0.344 


Age 

<65 years (Ref) 
> 65 years 


1.0 
0.92 


0.51-1.67 


0.779 


Ethnicity 
Chinese (Ref) 
Malays 
Indians 
Others 

Pre-op CEA levels 


1.0 

3.29 

2.17 

0.86 

1.002 


1 .35-8.02 
0.45-10.50 

0.14-5.23 
1.00-1.001 


0.009 
0.336 
0.873 
0.647 


Ethnicity 
Chinese (Ref) 
Malays 
Indians 
Others 

Pre-op CEA levels 


1.0 

0.78 

1.33 

1.12 

0.99 


0.17-3.53 
0.18-9.89 
0.24-5.12 
0.97-1.001 


0.750 
0.781 
0.886 
0.217 


AJCC stage 
Stages 1 and 2 (Ref) 
Stages 3 and 4 


1.0 
2.28 


1 .22-4.29 


0.01 


AJCC stage 
Stages 1 and 2 (Ref) 
Stages 3 and 4 


1.0 
2.12 


1.13-3.96 


0.019 


Vascular invasion 
Absence (Ref) 
Presence 


1.0 
1.52 


0.55^.23 


0.422 


Vascular invasion 
Absence (Ref) 
Presence 


1.0 
0.84 


0.31-2.32 


0.735 



CEA, carcinoembryonic antigen; CI, confidence interval; HR, hazard ratio; 
SHR, sub-hazard ratio; SphKl, sphingosine kinase 1. 



population, indicating nuclear fragmentation and cell death, 
with up to 55% of cells in sub-G1 using 1 00 ujvi 5c (Figure 3a). 
The sensitivity of colon cancer cells to SphKl inhibitors such 
as 5c is consistent with previous work demonstrating that 
SphKl knockdown increases caspase activity in RKO cells. 22 



CEA, carcinoembryonic antigen; CI, confidence interval; HR, hazard ratio; 
SHR, sub-hazard ratio; SphKl, sphingosine kinase 1. 

a The SHR estimates for SphKl expression was adjusted for age, ethnicity, pre- 
op CEA levels, AJCC staging, and presence of vascular invasion in the 
multivariate analysis. 



The phosphoinositide 3-kinase (PI3K) pathway and its 
major effector, protein kinase B (PKB/Akt), promote tumor cell 
growth and survival. Upon stimulation by growth factors, Akt is 
recruited to the plasma membrane and phosphorylated by 
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Figure 2 Sphingosine kinase 1 (SphKl ) inhibition by compound 5c (5c) reduces the viability of colon cancer cells, (a) SphKl protein levels in HCT1 1 6, RKO, SW480, and 
SW620 cells were measured by western blot with antibodies against SphKl. Glyceraldehyde 3-phosphate dehydrogenase was used as a loading control, (b) Whole-cell 
lysates were prepared respectively from HCT1 16, RKO, SW480, and SW620 cells pre-treated with or without 10 |am 5c, and stimulated with 10% fetal bovine serum (FBS) for 
up to 30 min. Equal amounts of protein lysates were measured for SphK activity using the fluorometric SphK Assay. *P<0.05, comparing 0 min with FBS stimulation. 
# P< 0.05, comparing FBS stimulation (closed symbols) with inhibitor treated (open symbols), (c) HCT1 16, RKO, SW480, and SW620 cells were treated with 1 0-1 00 jim of 5c 
for 48 h in 10% FBS, and then subjected to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. Each point was measured in triplicate and data are 
expressed as means ± s.d. *P<0.05, comparing 0 |im with increasing doses of 5c. Results are representative of three independent experiments. 



3-phosphoinositide-dependent kinase (PDK-1) at threonine 
residue 308 (Thr308), followed by PDK-2-mediated phos- 
phorylation at serine residue 473 (Ser473) for full activation. 23 
HCT116 cells were used in this experiment because they 
have the highest increase in SphK activity upon serum 
stimulation (Figure 2b) and they also have an activating 
mutation in the catalytic subunit of PI3K, which results in the 
hyper-activity of PI3K. 24 We found that 10% FBS stimulated 
the phosphorylation of Akt at Thr308 and Ser473 in HCT116 
cells (Figure 3b). Serum-induced Akt activation was observed 



within 5 min and sustained up to 5h. Both the early and 
sustained phosphorylation of Akt at Thr308 and Ser473 
induced by serum could be attenuated by 50|im 5c 
(Figure 3b), indicating that 5c effectively inhibits the SphKl - 
dependent response to survival-promoting factors including 
growth factors present in serum, and is potentially useful in 
counteracting SphKl -directed oncogenic signaling. In all, 
50|iM 5c was used to inhibit SphKl activity in HCT116 cells 
because as observed from the MTT results (Figure 2c), 50 |im 
of 5c was the minimum concentration required to induce a 



Clinical and Translational Gastroenterology 



SphKl Promotes Malignant Progression in Colon Cancer 

Tan et al. 



100 -, 

Co I 1 HCT116 

V CZZZ3 RKO 

CO 

i= 80 - ESH SW480 

Q. 

JZ SW620 



-Q 

3 60 - 




10% FBS 10uM 5c 25uM 5c 50uM 5c 75uM 5c 100uM 5c DMSO 



b 



Minutes 


0 


5 


10 30 0 


5 


10 


30 


10% FBS 




+ 


+ + - 


+ 


+ 


+ 


50U.M 5c 






- - + 


+ 


+ 


+ 



pAkt Thr308 



pAkt Ser473 

Akt 




Minutes 0 60 180 300 0 60 180 300 

10% FBS ~ + + + - + + ~ 
50nM5c - - + + + + 



pAkt*' 473 
Akt 




Figure 3 Sphingosine kinase 1 (SphKl ) inhibition by compound 5c (5c) induces 
colon cancer cell death and inhibits signaling through the Akt pathway, (a) HCT1 1 6, 
RKO, SW480, and SW620 cells were treated with 10-100 u.m of 5c for 24 h in 10% 
fetal bovine serum (FBS), then fixed and stained with propidium iodide (PI). 
Dimethylsulfoxide was added as vehicle control. *P<0.05, comparing 10% FBS 
with increasing doses of 5c. (b) HCT1 16 cells were pre-treated with 50 \m 5c, and 
stimulated with 10% FBS for up to 300 min. Equal amounts of protein lysates were 
immunoblotted with anti-phospho-Akt Thr308/Ser473 or anti-total-Akt antibodies. 5c 
inhibited the phosphorylation of Akt at Thr308 and Ser473. Results are 
representative of three independent experiments. 



significant loss of cell viability. As Akt blocks the activity of pro- 
apoptotic proteins and also cross-activates other survival 
pathways, 23 its inhibition by 5c represents an effective 
mechanism for inducing cell death in colon cancer cells. 

The cytotoxicity of 5-FU in colon cancer cells is 
augmented by SphKl knockdown by siRNA and inhibi- 
tion by 5c. As SphKl activity appears to be a critical 
survival mechanism in colon tumor cells, we determined if the 
loss of SphKl expression by siRNA knockdown, as well as 
inhibition of SphKl activity by 5c may render colon tumor 
cells more susceptible to the cytotoxic effects of the 
chemotherapeutic drug, 5-FU. Cell viability studies were 
performed using the MTT assay. In the absence of 5-FU, the 



knockdown of SphKl in HCT1 16 cells by siRNA reduced cell 
viability by 35% compared with treatment with control siRNA, 
indicating that SphKl normally maintains colon tumor cell 
survival (Figure 4a). With 5-FU treatment (10-25 |im), the control 
siRNA-treated HCT116 cells exhibited dose-dependent 
cytotoxicities, with up to 28% reduction in cell viability using 
25|iM 5-FU (Figure 4a). The dose-dependent cytotoxicity of 
5-FU was further enhanced by SphKl knockdown, with a 
reduction in cell viability by up to 74% when SphKl 
knockdown was combined with 25|im 5-FU (Figure 4a). We 
also tested the effectiveness of combining 5-FU with 
inhibition of SphKl activity by 5c in the HCT116, RKO, 
SW480, and SW620 cell lines. We found that 1-50jim 5-FU 
used as a single agent compromises the viability of cells, with 
up to 60-70% reduction in viability at 50 jim 5-FU (Figure 4b). 
However, the combination of 5-FU with 25 |im 5c significantly 
enhances cytotoxicity, with a further reduction in viability by 
up to 90%, indicating that Sphkl inhibition sensitizes colon 
cancer cells to 5-FU (Figure 4c). In all, 25 |im 5c was used for 
the combination drug studies as it is the minimum concen- 
tration that increases the proportion of cells in the sub-G1 
phase, representing cell death, in the panel of cell lines 
tested (Figure 3a). Conversely, the cytotoxicity of 5c is also 
enhanced by combination with 1 0 |im and 25 |im 5-FU, with up 
to 90% reduction in viability of the cell lines when 1 00 jim 5c is 
combined with 25 |im 5-FU (Figure 4d and e). Taken together, 
these data suggest that addition of SphKl inhibitors to 
current chemotherapeutic therapies for colon cancer is likely 
to augment clinical responses by sensitizing tumor cells that 
are otherwise poorly responsive to cytotoxic drugs. 

DISCUSSION 

Our results clearly show the pro-survival role of SphKl in 
colon cancer. SphKl expression correlates with late AJCC 
tumor stages. Using a competing risk analysis model to take 
into account disease recurrence, we showed that SphKl 
independently predicts poor survival in colon cancer patients. 
In vitro, the inhibition of SphKl activity impaired colon cancer 
cell survival. These findings implicate SphKl as a potentially 
important contributing factor to colon cancer progression. The 
antagonism of SphKl activity inhibited the Akt-mediated 
survival signaling. In addition, SphKl knockdown and inhibi- 
tion sensitized colon cancer cells to treatment with 5-FU, 
suggesting that SphKl inhibitors may be explored for their 
potency as adjunct agents in current chemotherapeutic 
regimes. 

Studies to date have found that the generation of S1 P in the 
colon is largely dependent on SphKl , the predominant SphK 
isoform in the colon, which is upregulated upon neoplastic 
transformation of colon cells. 8 ' 9 Previous observations by 
Kawamori et al. 9 found increased SphKl expression in 61 
human colonic tumors comprising adenomas, primary carci- 
nomas, and metastastic lesions, compared with normal 
tissues. In this study, 100% of the adenocarcinomas had 
detectable expression of SphKl. This is in line with our 
findings whereby 92.4% of the adenocarcinoma tissues had 
detectable expression of SphKl. This upregulation of SphKl 
promotes colon cancer cell survival 8 ' 9 and adenoma progres- 
sion by enhancing cell proliferation. 17 The contribution of 
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Figure 4 The cytotoxicity of 5-fluorouracil (5-FU) in colon cancer cells is augmented by sphingosine kinase 1 (SphKl ) inhibition. Cell viability for treatment with drugs was 
ascertained by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. All readings were compared with control cells that are not subjected to drug 
treatment (cell viability taken as 100% at "0" drug concentration). Each point was measured in triplicate and data are expressed as means ± s.d. (a) HCT116 cells were 
transfected with 20 nM of SphKl small interfering RNA (siRNA) for 72 h, followed by 48 h incubation with 1 0-25 jim of 5-FU. *P< 0.05, comparing untreated with 5-FU-treated 
cells; # P<0.05, comparing control siRNA control-transfected cells with SphKl siRNA-transfected cells, (b) HCT116, RKO, SW480, and SW620 cells were treated with 1- 
50 |im 5-FU, for 48 h. *P<0.05, comparing 0 |im with increasing doses of 5-FU. (c) HCT1 16, RKO, SW480, and SW620 cells were treated with 25 jim compound 5c (5c), 
together with increasing doses of 5-FU for 48 h. Combination with 5c enhanced the cytotoxicity of 5-FU. *P< 0.05, comparing 0 (im-1 00 |im 5c; # P< 0.05, comparing 5c with 
5c + 25|im 5-FU. (d) HCT116, RKO, SW480, and SW620 cells were treated with 10 [iu 5-FU, together with increasing doses of 5c for 48 h. *P<0.05, comparing 0 (im- 
50 urn 5-FU; # P<0.05, comparing 5-FU with 5-FU +25 |im 5c. (e) HCT116, RKO, SW480, and SW620 cells were treated with 25 |im 5-FU, together with increasing doses of 
5c for 48 h. *P< 0.05, comparing 0 |im-50 |im 5-FU; # P< 0.05, comparing 5-FU with 5-FU + 25 |im 5c. Combination with 5-FU with SphKl inhibition significantly enhances 
colon cancer cell death. Results are representative of three independent experiments and data are expressed as means ± s.d. 



SphKl activity to tumor growth is supported by work in the 
Ape Min/+ mouse model of intestinal tumorigenesis, which 
exhibits a critical requirement for SphKl in tumor cell 
proliferation and intestinal polyp growth. 17 Our data support 
these findings by further showing that SphKl predicts colon 
cancer patient prognosis. The correlation between high 



SphKl expression and advanced tumor stages as well as 
patient mortality emphasize the critical roles of SphKl in colon 
tumor growth and metastasis. 

Mortality and disease recurrences are important clinical 
outcomes of interest and eminent competing risks in cancer 
research. Emerging evidence now strongly recommends 



Clinical and Translational Gastroenterology 



SphKl Promotes Malignant Progression in Colon Cancer 

Tan et al. 



the competing risk approach, which used to estimate 
the probability of occurrence of the event of interest in the 
presence of other competing events. In comparison, the 
conventional Cox regression and Kaplan-Meier survival 
analysis ignored the presence of competing risk event(s). As 
such, they may substantially overestimate the absolute risk of 
the event of interest because subjects with a competing (and 
thus censored) event are treated as if they could experience 
the event of interest in the future. 25 The competing risk 
approach removes such bias by taking into account for the 
presence of such competing events when estimating the 
primary outcome of interest. 25 ' 26 Our results, based on the 
competing risk approach, in which disease recurrence was 
treated as a competing event, clearly demonstrated that 
SphKl expression has a significant role in predicting mortality 
in addition to other well-known important classical risk factors 
such as age, late AJCC tumor stages, pre-op carcinoembryo- 
nic antigen levels, and presence of vascular invasion in our 
colon cancer patients. However, SphKl was not a significant 
predictor for the recurrence of colon cancer when death was 
treated as a competing risk event, and after adjusting for the 
above well-known important classical risk factors. In this 
model, late AJCC stages was an important prognostic indicator 
for the recurrence of colon cancer. In Table 2, we showed that 
the presence of SphKl correlates with advanced disease 
(AJCC stage, P= 0.042). This suggests that the SphKl 
pathway is associated with the progression of colon cancer, 
which is consistent with poorer survival observed in the 
presence of SphKl expression. Out of 89 patients with stage 
4 tumors, 86 of them (96.6%) had positive SphKl expression 
while only 33 (37.1%) of them had disease recurrence. 
Therefore, although SphKl expression does not correlate with 
disease recurrence, it is still a potential prognostic biomarker to 
predict mortality of colon cancer patients. 

Previous work demonstrated that the sensitivity to oxalipla- 
tin in colon cancer cells could be enhanced by combining 
oxaliplatin with a non-isoform-specific SphK inhibitor, SKI. 22 
The inhibition of SphKl also helped to overcome the 
resistance of colon cancer cells to cetuximab. 27 In prostate 
cancer, specific inhibition of the SphK1/S1P pathway also 
sensitizes prostate cancer cells to docetaxel and campto- 
thecin 28 Furthermore, SphKl overexpression in breast 
cancer cells induces endocrine resistance, whereas inhibition 
of SphKl restores endocrine responsiveness 29 It thus 
appears that the upregulation or sustained activity of SphKl 
in cancer cells may be a critical "escape" mechanism 
leading to tumor cell resistance and poor response to 
chemotherapy. In fact, it has been suggested that the reliance 
of tumor cells on SphKl activity to sustain survival signaling 
pathways contributes to non-oncogene addiction. 30 More- 
over, SphKl and S1P are mediators for the transactivation 
of several growth factor receptor signaling, including 
epidermal growth factor receptor in breast cancer, 29 trans- 
forming growth factor-(3 in esophageal cancer 31 and HER2 
in gastric cancer. 32 It is thus conceivable that through 
transactivation, SphKl activity in tumors not only amplifies 
proliferative pathways, but also provides alternative survival 
pathways when growth signals are antagonized by drugs. 
In addition to tumor cells, the pro-survival roles of SphKl 
have also been shown to encompass other cell types 



including endothelial cells, through regulation of Akt and Bel 

pathways. 33 ' 34 

Akt has been shown to be a downstream factor of SphKl , 
promoting cell proliferation and survival in several cancers 
such as leukemia, 35 glioblastoma, 36 ' 37 and prostate cancer. 38 
The SphKl product, S1P, has been shown to exhibit anti- 
apoptotic roles and enhance Akt activation in intestinal 
epithelial cells, 15 pointing to a reliance on SphKl activity for 
survival of the gut epithelium and epithelial tumors. Nemoto 
et al. 22 showed that treatment of colon cancer cells with 
the anticancer drug oxaliplatin activates SphKl and Akt. 
The combination of oxaliplatin together with knockdown of 
SphKl downregulated the levels of phosphorylated Akt, 
thus overcoming resistance of cells to oxaliplatin treatment. 
This is also demonstrated by Rosa et al 27 whereby the 
knockdown of SphKl, as well as treatment with fingolimod, 
a S1P receptor antagonist, reduce Akt phosphorylation 
thus increasing the sensitivity of colon cancer cells to 
cetuximab treatment. Consistent with these studies, we found 
that under serum stimulation, the early activation and 
subsequent sustained phosphorylation of Akt can both be 
inhibited by the blockade of SphKl. This suggests that in 
colon cancer cells, growth stimuli such as serum upregulate 
the activity of SphKl over prolonged periods to activate 
proliferative and survival signaling through Akt. It is therefore 
likely that SphKl -targeted drugs would be effective in counter- 
acting colon tumor growth and resistance to chemotherapy. 

It has been hypothesized that the ability of cancer cells to 
survive is governed by a threshold level of SphKl activity, 39 
suggesting that a minimal level of SphKl activity may allow 
cancer cells to survive and proliferate. The persistence of 
survival pathways, such as those mediated by SphKl , may in 
turn contribute to drug resistance as well as cancer 
recurrence. Targeting such survival pathways present new 
strategies to counteract the progression and recurrence of 
cancer, such as the combination of current chemotherapeutic 
drugs with SphKl inhibitors. Our data suggest that combina- 
tion of SphKl inhibitors with 5-FU is a promising approach to 
chemosensitization and merits further exploration into its 
feasibility for treatment of advanced colon cancer. 

In conclusion, this study has further strengthened the 
emerging importance of SphKl in colon cancer and provided 
evidence for the potential effectiveness of SphKl inhibitors in 
colon cancer. In view of the importance of SphKl as a 
prognostic and oncogenic determinant in colon cancer, drugs 
that target SphKl , if developed with acceptable toxicity, may 
be promising agents in improving patient survival. 
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Study Highlights 



WHAT IS CURRENT KNOWLEDGE 

SphKl is the predominant oncogenic isoform of SphK in 
human cancers. 

V SphKl has been shown to be upregulated in colon cancer. 

f Increased SphKl activity promotes cancer cell survival 
and proliferation. 

WHAT IS NEW HERE 

High SphKl expression in human colon tumor tissues 
correlates with late tumor stages. 

V SphKl is a significant independent predictor for the 
mortality of colon cancer patients. 

V SphKl regulates the serum-dependent PI3 kinase/Akt 
signaling pathway in colon cancer cells. 

v* Inhibition of SphKl activity enhances the sensitivity of 
colon cancer cells to 5-FU. 
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